Investigations of real gas effects of supercritical fluids on shock tube problems were numerically performed. Understandings of fluid behaviors under supercritical conditions are essential for the design of high pressure combustors. We developed a numerical code for simulations of flow fields under the supercritical conditions. Cubic types of equation of state are applied to evaluate properties of nearcritical and supercritical fluids. The present code was tested on shock tube problems, and the present result agreed well with a reference result. Comparisons of results between the real gas equations of state and the ideal gas equation of state showed differences in position of shock waves, contact discontinuities, and expansion fans due to the specific thermodynamic features of the supercritical fluids. In a condition that crosses the critical point, the results showed a large density jump with a small temperature jump at the contact discontinuity because of drastic changes of thermodynamic properties. This indicated that the real gas effects obviously appear when the initial condition is close to the critical point of the working fluids.
Introduction
Supercritical fluids are widely used in industrial devices such as supercritical nuclear reactors and high pressure combustors. For example, in liquid rocket engines, cryogenic propellants are injected and burnt under high pressure conditions. The pressure reaches over 10 MPa, and the injected propellant is in a supercritical state. Under such conditions, unique behaviors of the fluid jet are observed that do not appear in atmospheric conditions. Past studies [1] [2] [3] [4] [5] [6] have investigated the jet behaviors under the supercritical conditions, however, the its behaviors are still unknown in detail. Experimental investigations at the supercritical condition are difficult because of extremely high pressure, thus, numerical simulations are effective for the understandings. Present study aims to explore jet mixing in liquid rocket engines, and development of numerical code has been conducted 7) .
The supercritical fluids show unique thermodynamics properties 8) . They have the high density like liquids and high diffusivity like gas. Latent heat and surface tension are decrease with increasing pressure. Near the critical point, the specific heat increases rapidly, and a large expansion appears with a small temperature increase. These features greatly impact the flow fields, thus, treatment of the supercritical fluid as the real gas is essential.
A simulation of the shock tube problem, or Riemann problem, is used to validate the numerical scheme as a common test case. The Riemann problem is a classical initial-value problem for system of hyperbolic equations. The shock tube problem is a particular case of the Riemann problem. The shock tube problem is formed by a long tube separated by a diaphragm into two states that are initially at different pressures. At t = 0, the diaphragm bursts and produces three waves: a shock, a contact discontinuity and an expansion fan. The shock and the contact discontinuity propagate down the tube into the low pressure side, and the expansion fan propagates into the high pressure side. An analytical solution in time is known for the initial condition.
The flow field inside the shock tube near the critical point has been investigated in past studies. At this point, compression by shock induces a phase transition, and non-classical waves are observed as a result of the thermodynamic property changes of nearcritical fluid 9),10) . Arina 11) developed the numerical method for the supercritical fluid and investigated effects of equations of state. However, there is only little discussion about differences of wave propagation between the real gas case and the ideal gas case.
In the present study, shock tube simulations under the supercritical conditions are carried out to investigate the real gas effects on the wave propagation. The numerical method applies an AUSMDV 12) scheme which is modified for real gas. Firstly, two types of the equations of state are applied to the numerical code and compared. Secondly, to investigate the real gas effect near a critical point, the shock tube simulations are performed for three cases: the supercritical case, the nearcritical case, and the subcritical case. 
Numerical Method

Governing equations
The governing equations are the three-dimensional compressible Euler equations. Spatial derivative terms in the governing equations are evaluated by the AUSMDV 12) scheme. To obtain second-order accurate discretization, the MUSCL approach with the van Albada limiter 13) is applied. The third-order TVD Runge-Kutta scheme 14) is used for time integration.
Equation of state
For equations of state, the van-der-Waals (vdW) equation of state 8) and the Soave-Redlich-Kwong (SRK) equation of state 15) are applied to evaluate the thermodynamic properties under the supercritical conditions. For comparison, the ideal gas equation of state is also used as a calorically perfect gas. The vdW and the SRK equations of state are called the cubic equation of state. The cubic equations of state describe thermodynamic states over a broad range and are computationally efficient compared to more complex equations of state 8) . The SRK equation of state has better accuracy near the critical point. The SRK and vdW equation of states are written as following equations.
:SRK (2) :vdW (3) The parameters a, b, and u are a = 0.4275R 2 T cr /p cr , b = 0.08664RT cr /p cr and u = 1 in the SRK equation of state, and a = 0.4219R 2 T cr /p cr , b = 0.125RT cr /p cr , and u = 0 in the vdW equation of state, respectively. In the present code, thermodynamic relationships are modified for the real gas using cubic equations of state 8, 16) . Figure 1 shows the changes of the density and the specific heat ratio of carbon dioxide using the SRK equation of state. Critical pressure, density and temperature of the carbon dioxide are p cr = 7.316 MPa, cr = 348.8 kg/m 3 , and T cr = 304.21 K, respectively. In Fig. 1 , large properties change near the critical pressure and the critical temperature is shown.
Calculation condition
The tube length is 10 m and the initial diaphragm is placed at 5 m from a left wall. Following simulations are performed with a uniformly spaced grid with 0.02 m grid size and 501x5x5 grid points. Both tube ends are opened, and boundary conditions at walls are adiabatic wall. Periodic boundary conditions are used in azimuthal directions. To compare the past study proposed by Arina 11) , carbon dioxide is used as the working fluid. The carbon dioxide has thermodynamic characteristics similar to oxygen which is used in the liquid rocket engines. 
Results and Discussions
Validation
A simulation of the shock tube problem under the supercritical condition is carried out to validate the numerical code. The initial condition is shown in Table 1 , which corresponds to a simulation proposed by Arina 11) . Figure 2 shows the density profile at t = 2.745 10 -3 s. In this result, the vdW equation of state is applied. The simulations are performed with the Courant-Friedrichs-Lewy (CFL) number is approximately 0. Figure 3 shows a comparison between three equations of state: SRK, vdW, and the ideal gas. The two real gas equations of state predict slower propagation of the shock and the contact discontinuity, and faster propagation of the expansion fan. Behind the contact discontinuity, although the small differences appear in the two real gas equations of state, there are no significant differences in the overall profiles at the present case.
Real gas effects on the shock tube problem
To investigate real gas effects on wave propagations, the shock tube simulation are carried out at three cases: the supercritical, the nearcritical, and the subcritical pressure. The calculation conditions are shown in Table 2 . In each case, the pressure ratio is set to 2 and an initial temperature of 310 K is assumed. Figure 4 shows profiles of density, temperature, pressure, specific heat ratio, and sound speed, respectively. A result for regarding the working fluid as ideal gas (ideal case) is also plotted. Here, the density, the temperature, and the pressure are nondimentionalized using the initial left side values. Thus, the ideal case shows only one profile regardless of whether the initial pressure is subcritical or supercritical. A reference sound speed is defined using . In Fig. 4, all cases show three waves. The nearcritical case only shows a small density jump at the shock wave and a large density jump at the contact discontinuity in contrast to the other cases. Nevertheless, the nearcritical case shows smaller temperature change at shock and contact discontinuity. In the pressure profiles, the supercritical case and the subcritical case show similar pressure jumps with the ideal case at the shock, while the nearcritical case shows a smaller pressure jump. This is because of strong non-linear changes of thermodynamic properties near the critical point. When the contact surface passes through the critical point, the density increases drastically with a small temperature increase because the specific heat increases toward divergence. only at nearcritical case. This indicates that anomalous features obviously appear in the condition near the critical point, and it is important to consider the non-linearity of thermodynamic properties. Figure 5 shows time histories of density and temperature profile in the nearcritical case. The present code captures the density jumps that are kept sharply in time. The shock and the expansion fan propagate with constant velocity in the three cases. In the temperature profile, the small numerical overshoot appears and is kept behind the contact discontinuity. In the nearcritical case, the fluid passes through the critical point at the contact discontinuity, and the rapid increases of thermodynamic properties may cause numerical oscillations. The past studies indicated this problem and proposed some numerical techniques to prevent this oscillation 17), 18) . Figure 6 shows time histories of wave positions between the three cases and the ideal case. In all the cases, three waves move proportionally in time. In the supercritical case, both the shock and the expansion fan propagate faster than in the ideal case; whereas, the nearcritical case predicts propagations slower in the shock and faster in the expansion fan. This is explained by the profile of sound speed in Fig 4 (e) . In the supercritical case, the sound speeds are high in overall; however, in the nearcritical case, the sound speeds are lower at the right side of the contact discontinuity than ideal case, but higher at the left side. As noted above, only one profile is provided regardless of the initial pressure at the ideal gas conditions. However, even if the initial pressure ratio and the initial temperature are fixed, the results depend on the initial condition when the initial state is close to the critical point.
Wave propagation at the nearcritical condition
Conclusion
The numerical simulation code for the flow of supercritical fluid is developed with cubic types of real gas equations of state. Using this code, the shock tube problem under the supercritical condition is performed. First, two real gas equations of state and the ideal equation of state are compared. The results show that there are no significant differences in the results between two real gas equations of state at the present condition. Second, the real gas effects on the wave propagation are investigated. There is a large density change with a small temperature increase at the contact discontinuity where the fluid crosses the critical point. This is because of the strong non-linearity of the thermodynamic properties of the supercritical fluids. The obvious real gas effects appear when the initial condition is close to the critical point. 
